Purpose To determine whether a history of conception by assisted reproductive technology (ART) is associated with occurrence of one or more imprinting disorders of either maternal or paternal origin. Methods We implemented a systematic review of scholarly literature followed by comprehensive meta-analysis to quantitatively synthesize data from reports relating to use of ART to occurrence of any imprinting disorder of humans, including BeckwithWiedemann (BWS), Angelman (AS), Prader-Willi (PWS), and Silver-Russell (SRS) syndromes, as well as transient neonatal diabetes mellitus (TNDB) and sporadic retinoblasoma (RB). Results The systematic review identified 13 reports presenting unique data from 23 studies that related conception following ART to occurrence of imprinting disorders. Multiple studies of four disorder were identified, for which meta-analysis yielded the following summary estimates of associations with a history of ART: AS, summary odds ratio (sOR) = 4.7 (95% confidence interval (CI) 2.6-8.5, 4 studies); BWS, sOR = 5.8 (95% CI 3.1-11.1, 8 studies); PWS, sOR = 2.2 (95% CI 1.6-3.0, 6 studies); SRS, sOR = 11.3 (95% CI 4.5-28.5, 3 studies). Only one study reported on each of TNDB and RB. Conclusion Published data reveal positive associations between history of ART conception and each of four imprinting disorders. Reasons for these associations warrant further investigation.
Introduction
In 2002 and 2003 [1, 2] , reports of Angelman syndrome (AS) in three children conceived by intracytoplasmic sperm injection (ICSI) intensified concern that assisted reproductive technology (ART) could cause epigenetic disorders. Suggested on a theoretical basis in 1998 [3, 4] , this possibility gained credence in 2001 when molecular studies implicated epigenetic mechanisms in large offspring syndrome, an overgrowth phenotype of livestock produced by embryo culture [5] . At the time of these events, functional non-equivalence of genetic material in ova versus sperm had been recognized for only two decades [6] , and the underlying mechanism-genetic imprinting-was even more novel. But roles in pre-and post-natal growth were already established for several human genes then known to be imprinted [7] , and elevated prevalence of low birthweight following ART had been reported [8, 9] . Maher and colleagues [10] speculated that Balthough… imprinting disorders may be shown to be only rare complications of ART, epigenetic errors might account for a much wider spectrum of ART-related complications…^. It seemed apparent that understanding whether ART predisposes to imprinting disorders might provide insight into epigenetic processes that might influence intrauterine growth, birth weight, and proposed sequelae including insulin insensitivity and cardiovascular disease.
Epigenetics is a branch of biology with entomologic origins in Bepigenesis,^development of complex organisms from single cells. Epigenetic processes govern numerous cellular functions, including changes in gene expression that occur as cell lineages emerge during development. Most autosomal genes are expressed from both alleles, but imprinted genes are preferentially expressed from alleles inherited from mothers or fathers. Parent of origin-specific expression is directed by epigenetic marks, Bimprints^established specifically in DNA of sperm or eggs, of which methylation of CpGrich differentially methylated domains [11, 12] are best described. Imprinted genes are normally inherited as one allele with the maternal imprint and one with the paternal imprint (1M:1P). Imprinting disorders can occur in children who inherit improper imprint contributions.
The eight defined human imprinting disorders are extremely rare, with collective prevalence less than one per 12,000 births [13] . AS and Prader-Willi syndrome (PWS) arise from improper contributions of the same critical region of chromosome 15q11.2-13, AS by deficient maternal contributions and PWS by deficient paternal contributions. AS can be caused by deletion of the critical region from the copy of chromosome 15 inherited from the mother (0M:1P), maternally inherited point mutations in the UBE3A gene, or paternal uniparental disomy (UPD) of chromosome 15 (0M:2P). PWS can be caused by paternal deletion of the same region (1M:0P) or maternal UPD (2M:0P). These genetic errors account for most cases, but epigenetic errors termed Bimprinting defects^occur in about 1-3% of AS and 1% of PWS [14] . In AS cases with imprinting defects, the maternal imprint is partially or completely absent from the copy of chromosome 15 inherited from the mother. Because AS involving epigenetic etiology is extremely rare (approximately one per 300,000 live births [10] ), it seemed remarkable that imprinting defects were noted in all three children initially reported to have AS following ICSI [1, 2] , implicating imprinting defects rather than genetic errors in ART-associated imprinting disorders.
Most cases of Beckwith-Wiedemann syndrome (BWS) and some Silver-Russell (SRS) syndrome cases are determined by parental contributions of the same region of chromosome 11p15.4-.5, BWS caused by relative deficit of maternal contributions. SRS can arise from deficit of paternal contributions of chromosome 11 or chromosome 7 [15] . Imprinting defects account for approximately 50% of BWS and 50% of SRS, although etiology of both conditions is complex.
Disorders such as AS and BWS that arise from deficiency of maternal imprints are classified as maternal imprinting disorders, while those such as PWS and SRS are paternal imprinting disorders. Studies comparing frequency of an imprinting disorder in children conceived following ART to frequency in naturally conceived children were first published in 2003, each reporting conception following ART to be associated with BWS [16] [17] [18] . Of 14 ART-exposed cases for whom molecular etiology was reported, 13 had an imprinting defect, according with the three originally reported AS cases in two important ways: BWS and AS are maternal imprinting disorders, and imprinting defects rather than genetic error predominated in ART-exposed cases. But there was a noteworthy difference: while AS cases were conceived by ICSI, most ART-exposed BWS cases had been conceived without ICSI, implicating other procedures used in ART. Embryo culture was an attractive candidate because large offspring syndrome produced by in vitro embryo culture following in vivo conception had been shown to involve demethylation of a maternal imprint [5] . A hypothesis accounting for these observations specified that the embryo culture step of ART leads to imprinting disorders by disrupting processes that ordinarily establish maternal imprints following fertilization [10] . By this logic, embryo culture could disrupt maternal imprints, but not paternal imprints, the latter established before fertilization. A prediction of this refined hypothesis was that ART may predispose to maternal imprinting disorders, but not to paternal imprinting disorders.
In ensuing years, additional imprinting disorders were defined, approximately 200 imprinted genes [19] were recognized in humans, and epigenetic mechanisms of imprinting at numerous loci were described. Moreover, a substantial body of observational data confirmed elevated occurrence of low birthweight in infants conceived following ART [20] , and additional epidemiologic studies estimating associations between ART and imprinting disorders were conducted. Summary of research on the latter topic is warranted to define associations between ART conception and imprinting disorders, and to examine the specific hypothesis that ART-related risk arises from epigenetic disruption of maternal imprints following fertilization. A review addressing these questions was conducted before numerous relevant studies were published [21] , and subsequent reviews addressed the first question but did not provide quantitative synthesis [22] or overlooked contributing studies [23, 24] . We systematically reviewed scholarly literature to identify, evaluate, and quantitatively synthesize epidemiologic data estimating associations between ART and imprinting disorders, and to assess implications of summary data for causal hypotheses, accounting for contemporary understanding of imprinting.
Material and methods
To develop a focused research question, we applied the Population, Intervention, Comparison, Outcome method. We defined population as children born in the ART era, exposure as conception following any ART procedure, comparison group as children conceived spontaneously, and outcome as any defined imprinting disorder. We followed Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. The study was exempt from Institutional Review Board oversight, and we did not register the protocol.
Systematic search and critical review
We searched PubMed from inception through January 2017 for articles on ART and human imprinting disorders using Medical Search Heading (MeSH) terms and keywords. Terms were developed for the exposure, which included all procedures used in ART, and for the outcome, which included e s t a b l i s h e d a n d p r o p o s e d i m p r i n t i n g d i s o r d e r s (Supplementary Table 1 ) and retinoblastoma (RB) for which epigenetic error is a proposed etiology. The Boolean operator BAND^identified reports matching both exposure and outcome terms. The fully specified character string used in the query appears in supplementary material. Identified papers meeting inclusion criteria described below were subjected to review of cited references and citation searches implemented using Web of Science. Qualifying reports were subjected to citation searches, resulting in citation chaining in which each paper identified was subjected to citation search. We sought additional reports by querying presentations to scientific conferences and catalogued theses and dissertations. Identified reports were captured in an Endnote X7.7.1 library, with those identified by multiple searches reduced to unique entries.
Title and abstract of each unique report were reviewed independently by two investigators to identify studies that could potentially satisfy inclusion criteria. Minimum requirements were specification of (1) children with an imprinting disorder and an unaffected reference or source population and (2) history of conception following ART versus natural conception. We excluded studies not reported in English, studies without human subjects, and case reports.
Data and meta-analysis
Two investigators critically reviewed each conforming report and independently extracted study data into a structured database managed using REDCap (version 6) [25] , hosted at the University of Southern California. Discrepant data detected by the REDCap double data entry procedure were resolved by consensus. Data items were study design and location, exposure according to ART procedures (ovarian stimulation/in vitro fertilization/ICSI/intrauterine insemination), outcome condition, tabular data on joint distribution of exposure and outcome, any covariates, and reference population. For two studies with exposure frequency reported for only cases [26, 27] , we extracted exposure data for source populations from corresponding national registries of ART procedures, as described in supplementary methods.
Meta-analyses were implemented to quantitatively assess associations between conception following ART (versus natural conception) and each condition for which two or more studies were identified. Because occurrence of congenital conditions is measured as prevalence, the parameter estimated was the summary prevalence odds ratio, hereafter called summary odds ratio (sOR). We analyzed data on BWS using a random effects (DerSimonian-Laird) model. We analyzed data on AS, PWS, and SRS using a fixed effect model, to implement by inverse opposite sample size correction [28] continuity corrections required for one study of each of these conditions; we reanalyzed these data using random effects models to confirm compatibility of results from both models. Forest plots were created displaying each study's contribution to summary estimates. Heterogeneity was characterized using appropriate p values and I 2 statistics [29] . A funnel plot was generated for each condition to gauge publication bias. Influence analysis and cumulative meta-analysis ordered on study weight were implemented to examine impact of individual studies on summary estimates. Recognizing that ART procedures have evolved over time, we explored influence of calendar year on effect size by meta-regression, regressing estimated ln(OR) on year published. Analyses were implemented using Stata 14.2 (College Station, TX).
Results

Systematic search
The search identified 665 published reports (Fig. 1) , and five duplicates were removed. Review of titles and abstracts of the remaining 660 identified 27 that could potentially meet inclusion criteria. Critical review of these reports revealed that one did not provide original data, two did not address relevant disorders, and nine did not include a reference group. Comparison of the remaining 15 reports with respect to outcomes, diagnosis dates, and study site identified pairs that may have included some of the same participants; for each, we excluded the report describing fewer participants (Supplementary Table 2 ). The remaining 13 reports [16-18, 26, 27, 30-37] provided data on 23 studies estimating associations between conception following ART and individual conditions (Table 1) , four studies of AS, eight of BWS, six of PWS, three of SRS, one of RB, and one of TNDB. Authors of the RB study [34] reported that affected children were over twice as likely as unaffected children to have been conceived following ART, OR = 2.54 (95% confidence interval (CI) 1.02, 5.23). Data from the TNDM study [36] were too sparse to provide a statistically meaningful estimate of the ART-TNDM association.
Meta-analysis
Both maternal imprinting disorders studied were found to be positively associated with conception following ART (Fig. 2) . Four studies of AS yielded a sOR estimate of 4.7 (95% CI 2.6-8.5). Eight BWS studies yielded a sOR estimate of 5.8 (95% CI 3.1-11.1). Both paternal imprinting disorders studied were also found to be positively associated with this history (Fig. 3) . Six PWS studies yielded a sOR estimate of 2.2 (95% CI 1.6-3.0). Three SRS studies yielded a sOR estimate of 11.3 (95% CI 4.5-28.5). Between-study heterogeneity was statistically significant for BWS (I 2 = 66.4%, p = 0.004), expected if there are important determinants of dispersion besides random error. Whether heterogeneity of AS, PWS, and SRS did not achieve statistical significance because of fewer contributing samples, minimal underlying heterogeneity or both of these influences is unclear. For all conditions, contributing studies were too few and publication years too highly clustered for meta-regression to provide meaningful results.
Several results contradict publication bias as an explanation for these associations. Forest plots (Figs. 2 and 3 ) displaying contributing studies in order of publication reveal no pattern of extreme results in early, small studies that could account for positive associations. Funnel plots (Supplementary Figure 1) show no conspicuous over-representation of studies in the lower right portion of the figure, compared to lower left.
Further analyses demonstrate that sOR estimates for all four conditions are statistically robust. Influence analyses show that none of the associations relies on any one study, estimates of the sOR remaining little changed in magnitude and statistically significant after removing contributing studies one at a time. (Supplementary Figure 2) . Meta-analyses cumulated on reverse weight of contributing studies show that for each condition, the single largest study provides an OR estimate compatible with the reported sOR; adding studies sequentially does not at any stage alter the impression that ART is strongly associated with outcome ( Supplementary  Figure 2. ).
Discussion and conclusions
We identified strong positive associations between a history of conception following ART and two imprinting disorders of maternal origin, AS and BWS, and two of paternal origin, PWS and SRS. These results contradict the hypothesis articulated in the early 2000s that etiology entails specific disruption of maternal imprints following fertilization, but at least three explanations for the observed associations seem plausible. They could be causal if one or more ART procedures influence both maternal and paternal imprints, thereby predisposing offspring to imprinting disorders. They could reflect confounding by indication, if aberrant imprints on gamete DNA compromise both male and female fertility. And they could reflect conventional confounding by risk factors for both maternal and paternal imprinting disorders. Each explanation has separate implications for rational intervention; fortunately, Fig. 1 Flow of information through the systematic review and meta-analysis each has a distinct set of predictions that may allow future research to distinguish between them. Both maternal and paternal imprinting disorders could be caused by ART if procedures impact either both sperm and ova, or cells of the conceptus following fertilization. Molecular studies of affected children provide insight into these possibilities. Studying children with BWS and SRS, Hiura and colleagues [27] reported that compared to naturally conceived patients, those conceived following ART more frequently exhibited both aberrant DNA methylation at multiple loci and cellular mosaicism in methylation errors. Reasoning that events impacting only some cells of multi-celled embryos could explain mosaicism, these authors inferred that imprinting defects occurred after fertilization. Consistent with this timing, some patients with BWS and SRS who were conceived following ART exhibit alterations in both maternally and paternally methylated imprints [27, 38] . Although specific mechanisms that preserve imprints in somatic cells during embryonic development are poorly understood [38, 39] , ART entails procedures such as in vitro culture and cryopreservation that may disrupt maintenance DNA methylation through perturbations in folate and methionine cycling [40] . If ART causes these disorders by disrupting properly established imprints, children born with imprinting disorders following ART conception could harbor epigenetic errors set on genetic material inherited from any parent, even those with proven fertility including gamete donors, and disruptions might in some instances be traceable to both parents. Moreover, any cellular mosaicism in such errors would point to disruptive events likely to have occurred in somatic cells of multicellular embryos. Future research reporting such findings would implicate stressors imparted by ART as causal and could inform efforts to identify and refine any ART-related procedures responsible for disrupting maintenance of imprints.
In theory, imprints could be aberrantly set in parents' gametes by disruption of processes that normally erase then reestablished DNA methylation in gender-specific states during development of parents' germ cell lineage [38] . DNA of gametes produced at sexual m aturity w ould be hypermethylated at sites that escaped erasure, causing males to produce sperm that retain maternal imprints and females to produce ova that retain paternal imprints. Whether such gametes are produced cannot practically be assessed in ova, but maternal imprints have been reported in DNA of sperm from men with abnormal semen parameters, suggestive of subfertility [41] , but whether this reflects improper erasure or somatic cell contamination remains controversial. Conversely, incomplete reestablishment of methylation could result in hypomethylation of sites that should be methylated to establish proper imprints. Both types of aberrant imprintshypermethylated and hypomethylated-are reported in children conceived by ART [42] . If parents have subfertility due Exposed Un-exposed Exposed Un-exposed to improper imprints, they may elect ART, transmitting aberrant imprints to offspring who consequently develop imprinting disorders. In this scenario, ART would be associated with imprinting disorders through confounding by indication. Excess imprinting errors in children with imprinting disorders following ART would be traceable to subfertile parents, but not to genetic parents of proven fertility-including gamete donors. Such findings would implicate disordered epigenetic programming of germline cells in subfertility, and could help identify stages of development vulnerable to such disruption. In this instance, predictive preconception testing of sperm could be contemplated. Most studies included in the meta-analysis showed no effort to control confounding by risk factors for imprinting disorders [16-18, 26, 27, 32-35, 37] . Parents' ages are potential confounders, because couples who elect ART tend to be older than those who conceive naturally, and advanced parental age strongly predisposes to types of genetic errors that cause imprinting disorders, UPD and de novo mutation. Rescue of aneuploidy is the predominant mechanism producing UPD [43] , and maternal age is highly associated with aneuploidy. At 10-week gestation, trisomy 21 is reportedly 15 and 65 times more frequent in women 35 and 45 years of age, respectively, than in those of 20 years [44] . Age-related mechanisms may also cause trisomy 7 and trisomy 15, which could resolve to disomy by chromosome loss. One third of random losses would produce maternal UPD 7 or 15, causes of SRS and PWS. This rationale whereby advanced maternal age could predispose to PWS accords with clinical observations. In fetuses with trisomy 15 detected at amniocentesis for advanced maternal age, trisomy is traced frequently to maternal meiosis I [45] ; in approximately one third of samples demonstrating mosaic trisomy 15, substantial proportions of cells have resolved as maternal UPD [46, 47] , and mothers of PWs patients a b with maternal UPD tend to be older than mothers of PWS patients with other etiologies [48, 49] . Through associations with both use of ART and frequency of UPD, advanced maternal age may impart strong positive confounding between ART and each of PWS and SRS. Positive confounding by advanced paternal age also seems possible based on predisposition to de novo mutation: chromosome gains and losses are more common in sperm produced by older men [50] , and advanced paternal age is the primary determinant of de novo mutations responsible for several autosomal dominant disorders [51] . Moreover, conditions associated with de novo deletions are independently associated with advanced age of both fathers and mothers [52] . If confounding by parental age is responsible for ART-imprinting disorder associations, careful control of such confounding in future research is expected to yield credible null estimates of the associations (e.g., narrow confidence intervals containing the null value, 1.0), and correlative analyses of case-only data could reveal explanatory patterns between parental age and molecular etiology, for example, proportion maternal UPD-attributable PWS monotonically associated with maternal age. Such findings would allay concern that ART-related procedures may cause imprinting disorders and facilitate refinement of counseling regarding parental age-related risks.
Comprehensive synthesis of human data on ARTimprinting disorder associations is a great strength of this research. Interpreting prevalence odds ratios as exposure effects requires the assumption that ART does not influence likelihood of surviving imprinting disorders long enough to be diagnosed, which seems reasonable. Frequency of spontaneous abortion is elevated following ART conception, but differential loss could spuriously create the observed positive associations only if survival of conceptuses otherwise destined to develop each of the four imprinting disorders were substantially more advantageous following ART than following natural conception, which seems unlikely. Cumulative meta-analyses and funnel plots indicate that publication bias is unlikely to explain observed associations, but results of any meta-analysis must be interpreted in light of limitations of contributing studies. Several compared frequency of ART exposure of cases in disease registries to exposure frequency in corresponding source populations based on national reports of livebirths. If definition employed by a registry included more procedures than definition used in the corresponding national report (e.g., intrauterine insemination included in the former but not the latter), the resulting differential misclassification of ART would be expected to bias sOR estimates upward. But this potential source of bias cannot fully explain positive associations, which were reported even for studies wherein investigators specified that these definitions were identical [17, 18, [30] [31] [32] [33] 37] . Because diagnostic features can be subtle [42] , some affected children are likely to have remained undiagnosed, particularly those with BWS of SRS. Were this equally common for children conceived by ART or naturally, estimates of the ART associations are expected to bias toward the null value. But if those conceived by ART were more likely to be diagnosed, due to unrecognized influences such as access to medical care, estimates could be biased upward, although it seems unlikely that resulting bias could create the strong associations observed with all four conditions. Similarly, if ART-conceived cases were more likely than naturally conceived cases to be enrolled in disease registries, resulting bias would be upward but would not fully explain positive associations, which were observed in studies that enrolled cases and non-cases from identical sources [27, [30] [31] [32] [33] 37] . Finally, confounding by unrecognized risk factors cannot be ruled out completely, since demonstrably complex etiology of both subfertility and imprinting disorders have yet to be fully defined. The theoretical possibility that factors predisposing to both parental subfertility and imprinting disorders of offspring could be confounders is illustrated by NLRP5 mutations associated with both maternal subfertility and imprinting disorders [53] , although described mutations at this locus are collectively too rare to explain associations reported here. Thus, apart from possible confounding by parental age, important spurious influences on the reported associations seem unlikely. We did not explore associations with individual ART procedures, because most reports did not provide these details of exposure history.
Research to resolve candidate hypotheses for the associations, described above, may be feasible in the near future because contemporary guidelines for registering imprinting disorders include molecular etiology, parental ages, and detailed exposure history [42] . Should results favor the causal hypothesis, efforts to identify and ameliorate processes whereby ART procedures may disrupt epigenetic marks would be warranted. Conversely, should they favor confounding by indication, new research addressing epigenetic state of gamete DNA in the etiology of both male-and female-factor subfertility would be further justified. Finally, should confounding by parental age appear to largely explain the associations, counseling of couples who consider ART could be revised to include specific risks of imprinting disorders if one or both partners are of advanced age. Until such studies are completed, associations estimated in the work reported here can be the basis of more general counseling. We estimated risk following ART as the product of the published upper estimate of population frequency of each condition [42] and point estimate of sOR. Resulting expectations are that among 10,000 live births following ART, there will be 3.9 children diagnosed with AS, 3.9 with BWS, 2.2 with PWS, and 1.5 with SRS-or 11.5 cases of any of these disorders. Based on the same sources, frequency of any of these disorders is estimated to be 2.0 per 10,000 children in the general population, but is not available for children born to subfertile couples after natural conception. Accordingly, couples can currently be counseled that while frequency may be several fold higher following ART, absolute risk is low.
